Background--Evidence consistently shows that almond consumption beneficially affects lipids and lipoproteins. Almonds, however, have not been evaluated in a controlled-feeding setting using a diet design with only a single, calorie-matched food substitution to assess their specific effects on cardiometabolic risk factors.
C ardiovascular disease (CVD) is the leading cause of morbidity and mortality in the United States and worldwide and continues to be a major public health problem.
1,2 A cardioprotective diet is the gold standard intervention strategy for the prevention and treatment of CVD in all individuals, including those already on drug therapy. 3, 4 The 2010 Global Burden of Disease Study reported low nut and seed consumption as the leading dietary risk factor attributable to ischemic heart disease. 5 Furthermore, the FDA issued a Qualified Health Claim for nuts and heart disease in 2003, 6 and both the 2010 Dietary Guidelines and the AHA 2020 Dietary Goals include nuts in their recommendations for a healthy diet. 7, 8 Prospective cohort studies consistently show that nuts reduce the risk of CVD and all-cause mortality, [9] [10] [11] [12] [13] and nut intervention studies demonstrate a cholesterollowering effect. 14 The PREDIMED trial found a %30% reduction in major cardiovascular events in individuals who consumed a Mediterranean diet (MeDiet) supplemented with either 30 g/ day of nuts (almonds, walnuts, and hazelnuts) or 50 g/day (1 L/week per family) of extra-virgin olive oil compared with individuals who were advised to decrease their dietary fat intake. 15 The authors also reported increased mean LDL particle size and decreased waist circumference (WC) in the group consuming nuts, suggesting novel cardiometabolic mechanisms by which nuts may decrease CVD risk. 16 The hypocholesterolemic effects of almond consumption are well established; evidence shows that almonds dose-depen-dently decrease LDL-C, [17] [18] [19] which is attributable to their unsaturated fatty acid profile, phytosterol and fiber content, and other bioactives. 20 Almonds also reduce additional cardiometabolic risk factors, including fasting 21 and postprandial 22 glucose, insulin resistance 21, 23 and insulin secretion, 24 and several inflammatory markers. 25, 26 Furthermore, within the context of a weight-loss intervention, a diet containing 84 g/ day of almonds decreased WC by 14% compared with a 9% decrease with an isocaloric, complex carbohydrate control diet. 27 A greater understanding of how almonds, consumed as a snack (substituted for a high-carbohydrate food), affect intermediary markers of CVD, such as lipoprotein metabolism and body composition, is necessary to advance evidence-based dietary guidance to improve heart health. The objective of the present study was to compare a cholesterol-lowering diet with almonds (1.5 oz./day) to the same diet with a single, caloriematched food (ie, a muffin) in a controlled-feeding setting. Our hypothesis was that almonds would improve lipids, lipoproteins, and apolipoproteins (apo) and decrease abdominal adiposity in adults with elevated LDL-C.
Methods Study Population
Men and women (30 to 65 years) with a BMI of 20 to 35 kg/m 2 and LDL-C ≥121 to 190 for females and 128 to 194 mg/dL for males (50 to 95th percentile based on NHANES data) who were free of any chronic illness and did not use tobacco were eligible for the study. Exclusion criteria included: alcohol consumption ≥14 servings/week; refusal to stop vitamin/mineral, lipid-lowering, or other supplements; use of prescription cholesterol-lowering medications; vegetarian diet; weight gain/loss of ≥10% within the previous 6 months; and pregnant, lactating, or wanting to become pregnant before or during the study. A complete blood count and standard chemistry profile were obtained at screening to rule out the presence of serious illness (eg, autoimmune disease, cancer, and immunodeficiency). Seated blood pressure (BP) was measured by nurses in a controlled environment using a calibrated mercury sphygmomanometer and appropriately sized cuffs after a 5-minute quiet rest according to JNC 7 guidelines. 28 Three readings were taken, and the average of the last 2 readings was used to determine eligibility for study participation. The BP criterion (systolic BP (SBP) ≤140 mm Hg and diastolic BP (DBP) ≤90 mm Hg) was established to avoid the inclusion of persons with unmedicated stage 1 hypertension.
Recruitment and Ethical Aspects
Participants were recruited through university emails, local newspaper and television ads, and flyers posted around campus and town. Six hundred fifty-three potential participants called to express interest in the study. One participant was removed from the statistical analysis due to a pre-existing metabolic condition (eg, lost >10% of baseline body weight [9.5 kg] during the study) that should have caused initial exclusion from the study but was not brought to the research staff's attention until the participant had completed the study. Thus, 48 participants completed the entire study and were included in the final analysis ( Figure 1) . A computer-generated randomization scheme was developed in advance (by C. E. B.) to randomize the 2 treatment sequences (almond/control or control/almond).
Ineligible (n=82) due to:
• LDL-C < 50 th percentile (n=54)
• Declined to participate (n=12)
• BP > 140/90 mmHg (n=7)
• Glucose > 125 mg/dL (n=2)
Individuals assessed for eligibility at a screening visit (n=143)
Completed full protocol; included in data analysis (n=48)
Withdrew during diet periods (n=12) due to:
Excluded from statistical analysis (n=1) due to:
• Prior metabolic condition (n=1) Figure 1 . Schematic of participant flow through the study. BMI indicates body mass index; BP, blood pressure; LDL-C, low-density lipoprotein cholesterol.
Each participant signed a written informed consent and the study protocol was approved by the Institutional Review Board of the Pennsylvania State University.
Study Design and Intervention
Rolling recruitment took place between October 2009 and February 2012. Individual participants were enrolled and randomized (by C. E. B.) to a 2-period, crossover, controlledfeeding trial designed to evaluate the effects of a cholesterollowering almond diet versus the same diet with a single-food substitution (control). All meals and snacks were prepared in one of the Penn State Metabolic Kitchens and weighed to the nearest gram. Participants picked up their food Monday through Friday and were provided food "pack-outs" for Saturday and Sunday. Diets were identical with the exception of the snack that was provided, either 42.5 g (1.5 oz.) unsalted, whole, natural almonds with skins (253 kcal/day) or 106 g banana muffin+2.7 g butter (273 kcal/day). Thus, differences in the nutrient profiles of the control diet and almond diet were due to the nutrient profile provided by each snack (Table 1) . Test diets were created using Food Processor SQL software, version 10.8 (ESHA Research, Salem, OR) ( Table 2) . A 6-day menu cycle was developed in 300 kcal increments for a range of calorie needs (1800 to 3900 kcal). Calorie needs were determined using the Harris-Benedict equation and adjustments were made as needed to maintain participants' weight throughout the study. Mean caloric intake for the almond (2565AE70 kcal/day) and control (2512AE70 kcal/day) diets did not differ (P=0.07). A sample 1-day menu is provided in Table 3 . Compliance was assessed by daily weigh-ins (Monday through Friday) and daily food logs (Monday through Sunday) to assure that participants were eating all and only study foods. Participants were instructed to maintain consistent physical activity and lifestyle habits.
Clinical Visits and Blood Sample Collection
Participants completed a series of clinical and physical assessments on 2 consecutive days at baseline (week 0) and at the end of diet period (DP) 1 (week 6) and DP2 (week 14). A 2-week compliance break separated diet periods. At each visit, participants arrived in the fasted state (12 hours water only, 48 hours no alcohol, and 12 hours without vigorous exercise) at the GCRC where body weight and blood samples (%30 mL on each day) were obtained. Whole blood was drawn into either serum separator tubes or EDTA-containing tubes, centrifuged at 4°C for 15 minutes, and stored at À80°C until further analyses. Height was measured at baseline. Seated BP and body composition measures were obtained on the first day of both the baseline visit and each endpoint visit. Nurses trained on the study protocol, who drew blood and measured blood pressure and body composition, were unaware of treatment group assignment.
Assays

Serum lipids, lipoproteins, and apolipoproteins
Total cholesterol (TC) and triglycerides (TG) were determined by standard enzymatic and spectrophotometry procedures (Quest Diagnostics, Pittsburgh, PA; CV <2%). HDL-C was measured according to the modified heparin-manganese procedure (CV <2%). 3 . TG were independently measured (Atherotech, Birmingham, AL; CV <1%). ApoB and apoA1 were calculated using results from the VAP test and patented equations (Atherotech, Birmingham, AL).
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Serum glucose and high-sensitivity C-reactive protein (CRP)
Glucose was quantified by spectrophotometry (Quest Diagnostics, Pittsburgh, PA). Serum CRP was measured by latexenhanced immunonephelometry (Quest Diagnostics; assay CV <8%).
Body Composition Measurements
Waist circumference WC was measured just above the ileac crest according to standardized techniques. 32 Two consecutive measurements were recorded to the nearest tenth of a centimeter; the average of the 2 measures was used to determine WC.
Dual-energy X-ray absorptiometry (DXA)
Whole body DXA scans were obtained according to manufacturer recommended procedures (QDR-4500W; Hologic Corp, Waltham, MA). Participants wore a cotton t-shirt and shorts and removed all jewelry and personal items that could interfere with the scan. The scans were reviewed and analyzed by a certified technician at the GCRC using industry standards. Scans were analyzed with APEX System software version 2.3.1 in its default configuration. DXA scans provided whole and sub-regional body composition, including the leg region, comprised of both legs, and the abdominal region, measured within a 50-cm 2 area around the center point of the midline between the lateral iliac crests and the lowest rib margins.
Statistical Analysis
Statistical analyses were performed using SAS (version 9.2; SAS Institute, Cary, NC). Two-sample t tests (PROC TTEST) were used to determine significant differences between sexes at baseline for each outcome variable. Normality for each variable was assessed using the univariate procedure (PROC UNIVARIATE) to quantitatively evaluate skewness and visually inspect box and probability plots. Change scores were calculated by subtracting baseline values from each endpoint. Treatment effects were tested per protocol (participants completing the entire study were included in the analysis) using the mixed models procedure (PROC MIXED). For the outcome analyses, treatment, visit, and 
Results
Participants were generally healthy, middle-aged, overweight, and had elevated TC and LDL-C levels. Baseline characteristics of participants (n=48) are presented in Table 4 ; females (n=26) were older, had higher TC and HDL-C, and lower DBP and TG than males (n=22) (P<0.05). Despite these differences at baseline, no significant interactions of sex by outcome measure were shown, except for glucose (discussed below); thus, we combined males and females for all analyses. Participant adherence to the study diets was 85% based on daily self-reporting forms, which indicated very minor deviations on occasion. Mean participant weight was maintained within 1.6 kg during the study.
Lipids, Lipoproteins, and Apolipoproteins
The almond diet decreased non-HDL-C (À18AE3 versus À11AE3 mg/dL; P=0.01) and LDL-C (À19AE2 versus À14AE2 mg/dL; P=0.01) compared with the control diet. In addition, the almond diet reduced HDL-C significantly less Values are meanAEstandard deviation and were obtained using the UNIVARIATE procedure in SAS. HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. *Significant (P≤0.05) differences between sexes at baseline for each outcome were determined using the 2-sample t test in SAS.
than the control diet (À4.1AE1.0 versus À5.9AE1.0 mg/dL; P<0.01) ( Table 5 ). There were no treatment effects for LDL 1 , LDL 2 , LDL 3 , or LDL 4 ; however, the almond diet significantly improved IDL 1 (À0.06AE0.33 versus 0.76AE0.33 mg/dL; P=0.01), total VLDL (0.15AE0.91 versus 2.46AE0.91 mg/dL; P=0.02), VLDL 3 (0.01AE0.49 versus 1.18AE0.49 mg/dL; P=0.02), and apoB (À9.7AE1.8 versus À5.5AE1.8 mg/dL; P=0.01) compared with the control diet. Furthermore, the almond diet reduced HDL 2 (À1.2AE0.4 versus À1.9AE0.4 mg/dL; P=0.02) and HDL 3 (À2.3AE0.7 versus À3.6AE0.7 mg/dL; P=0.01) significantly less than the control diet. Almond consumption also decreased the TC/ HDL-C (À0.17AE0.08 versus 0.06AE0.08; P<0.01), LDL-C/ HDL-C (À0.23AE0.07 versus À0.03AE0.07; P<0.01), and apoB/ apoA1 (À0.04AE0.01 versus À0.00AE 0.01; P<0.01) ratios (Table 5) . Figure 2 ).
Additional Metabolic Parameters
There were no treatment effects on median CRP or mean glucose changes; however, there was a sex by treatment interaction (P=0.03) for glucose, but post-hoc comparisons were not significant (ALD, F: À0.5AE1.9; ALD, M: À4.5AE2.1; CON, F: À2.6AE1.9; CON, M: À0.4AE2.1 mg/dL; P>0.05).
Discussion
The present study is the first and largest controlled-feeding trial using a single-food, calorie-matched snack substitution to investigate the cardioprotective properties of almonds, beyond the contributions of a heart healthy diet. We showed that daily almond consumption (1.5 oz.) for 6 weeks decreases non-HDL-C, LDL-C, apoB, TC/HDL ratio, LDL/ HDL ratio, and apoB/apoA1 ratio, confirming known benefits. We also found that almonds reduce abdominal and leg adiposity, despite no differences in body weight, demonstrating novel effects of isocalorically substituting 1 serving of almonds per day for a high carbohydrate snack (ie, muffin).
The LDL-C-lowering effect of almonds has been reported in previous trials in hypercholesterolemic and normocholesterolemic individuals. [17] [18] [19] 21, 26, [36] [37] [38] [39] In the current study, Data are meanAEstandard error, n=48. *Statistical significance assessed by PROC MIXED in SAS, P≤0.023. The treatment effect tested differences in body composition between the Almond and Control diets. The visit effect tested differences in body composition between diet period 1 and 2. 29% (14/48) of participants had baseline LDL-C ≥160 mg/ dL, whereas after the almond and control diets only 4% (2/ 48) and 10% (5/48) of participants, respectively, fell into this category. Our findings demonstrate that almond consumption is effective for lowering LDL-C. Furthermore, almonds attenuated the IDL 1 increase measured after consumption of the cholesterol-lowering control diet. IDL, the atherogenic precursor to LDL, have greater binding affinity for LDL receptors, causing preferential uptake of IDL-C and extended residence time of LDL-C in the circulation. 40 In a sub-cohort of the PREDIMED trial, a MeDiet supplemented with nuts showed increases in large LDL compared with a MeDiet supplemented with extra-virgin olive oil (P=0.017), no differences in medium-small LDL (P=0.085), decreases in very small LDL compared with a lower fat control diet (P=0.017), and decreases in IDL compared with both diets (P=0.004). 16 We found similar results for the IDL 1 response; however, our LDL subspecies findings were not in agreement. Measurement techniques or differences in diet design may account for the discrepancies between studies. Moreover, a recent study reported that cholesterol in small, dense LDL and remnant lipoproteins is associated with macrophage content in carotid plaques (r=0.30, P<0.01 and r=0.46, P<0.01, respectively), a marker of plaque instability, in patients with carotid artery stenosis. 41 In the current study, almond consumption maintained a reduced level of circulating IDL 1 and VLDL 3 compared to the control diet, demonstrating improved clearance of TGrich remnants and, consequently, potential protection from endothelial damage. In addition, the control diet decreased HDL-C, HDL 2 , and HDL 3 significantly more than the almond diet. Incorporating almonds in a cholesterol-lowering diet preserves anti-atherogenic HDL-C and HDL subspecies while decreasing LDL-C and remnant lipoprotein subfractions. The cardioprotective properties of almonds are likely due, in part, to their unique fatty acid profile, which is high in unsaturated fat, predominantly oleic acid, and low in saturated fat. Importantly, Griel et al 42 reported that lipid-lowering effects extend beyond the fatty acid profiles of tree nuts. In the current study, the observed changes in TC, LDL-C, HDL-C, TG, apoB, and apoA1 were compared with those calculated by the Katan equation 43 (Table 7) and suggest other nutrients and bioactive compounds in almonds, such as dietary fiber and phytosterols, may contribute to their LDL-C-lowering and HDL-C-conserving effects.
Remarkably, despite no treatment differences in caloric intake or total body mass, participants had a significant reduction in DXA-measured abdominal and leg adiposity on the almond diet. This was confirmed by our measurement of WC, which also showed a greater decrease with almond consumption. Similarly, in the PREDIMED trial, a MeDiet supplemented with nuts decreased WC (À5.1 cm, CI: À6.8 to À3.4) versus a lower fat control diet (0.8 cm, CI: À1.0 to 2.5) and a MeDiet supplemented with extra-virgin olive oil (À1.4 cm, CI: À3.0 to 0.3). 16 Likewise, in a crosssectional sample of the same study population, there was an inverse relationship between nut intake and central adiposity (OR 0.68, CI: 0.60 to 0.79; P-trend <0.001). 44 Paniagua et al 35 demonstrated that a low-fat, high-carbohydrate diet (65% CHO, 20% total fat, 6% SFA, 8% MUFA, and 6% PUFA) decreased adipose tissue in the legs but increased central fat in the trunk versus a high-fat, MUFArich diet (47% CHO, 38% total fat, 9% SFA, 23% MUFA, and 6% PUFA) or a high-fat, SFA-rich diet (47% CHO, 38% total fat, 23% SFA, 9% MUFA, and 6% PUFA) in insulin-resistant individuals. Similarly, Walker et al 45 reported an increase in the upper body fat-to-lower body fat ratio on a highcarbohydrate diet (49% CHO, 23% total fat, 9% SFA, 9% MUFA, 4% PUFA) versus a higher fat, MUFA-rich diet (40% CHO, 35% total fat, 10% SFA, 20% MUFA, 5% PUFA) in individuals with non-insulin-dependent diabetes. They also reported a negative correlation between the upper body fatto-lower body fat ratio and percent plasma oleic acid (r=À0.36; P<0.01), suggesting a role for MUFA in regional fat distribution. 45 Collectively, epidemiological studies demonstrate that frequent nut eaters do not weigh more, indicating that nutrientdense almonds can be incorporated in weight-maintenance and weight-loss diets. 46 A recent meta-analysis showed that nuts, their inherent nutrient bioaccessibility (eg, fiber content, cell wall structure) and/or interindividual digestibility (eg, mastication, gut residence time).
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Strengths and Limitations
Among the strengths of our study are the large sample size, well-controlled and unique diet design, and comprehensive lipid/lipoprotein and body composition outcomes. Previous controlled-feeding almond studies 18, 19, 21 employed a diet design that incrementally decreased some or all foods to accommodate the addition of almonds. In the current study, we used a single, whole food substitution, which is more applicable to free-living situations. Furthermore, our study diet incorporated a standard serving (1.5 oz.) of almonds using dietary replacement, which is consistent with the 2010 Dietary Guidelines for Americans recommendation for consuming nuts and seeds. 7 Limitations include our primarily Caucasian study population, which precluded ethnic/racial-specific analyses, and lack of pre-study dietary intake and physical activity data, which may have facilitated a better understanding of metabolic changes from baseline. In addition, we were surprised to find a significant visit effect for several outcome measures; participants experienced an attenuated response during diet period 2 compared with diet period 1 for certain outcomes, emphasizing the importance of treatment randomization and an appropriate control group. Notably, we observed no carry-over effects (treatment by visit interactions). Finally, the test diets were not matched for macronutrients, limiting conclusions about the independent effect of almonds on the endpoints we measured. Nonetheless, almond-delivered nutrients/bioactives improved a traditional cholesterol-lowering diet when substituted for a high-carbohydrate snack. Additional controlled-feeding studies are needed to investigate almonds within diets matched for macronutrient and fatty acid composition.
Conclusions
A daily almond snack, isocalorically substituted for a highcarbohydrate snack, benefited traditional and emerging CVD risk factors, including central adiposity. These improvements would be expected to decrease the risk of developing metabolic syndrome and/or CVD. Thus, daily consumption of almonds (1.5 oz.) may be a simple dietary strategy to help prevent the onset of cardiometabolic diseases in healthy individuals.
